In the Siberian hamster, Phodopus sungorus, short-day photoperiods induce the winter phenotype, which in males includes a decrease in the production of androgens and changes in physiology to inhibit reproduction. Motoneurones of the spinal nucleus of the bulbocavernosus (SNB) and their target muscles, the bulbocavernosus and the levator ani, a neuromuscular system involved in male copulation, also display seasonal plasticity in P. sungorus. It is not known whether the plasticity seen in the SNB system of gonadally intact hamsters is due to the effects of photoperiod per se, or to the photoperiod-induced changes in androgen production. To answer this question, we castrated adult male hamsters from long days and then implanted them with capsules containing either testosterone or blanks. Half of the hamsters from each hormone condition were moved into short photoperiod (8 : 16 h light/dark cycle) while the rest were maintained under long-day conditions (15 : 9 h light/dark cycle). After 15 weeks, many measures of the SNB system, such as somata size and weight of target muscles, responded only to androgen, not to photoperiod. However, there were effects of photoperiod on the neuromuscular junctions (NMJs) that were independent of androgen status. For example, the number of synaptic zones per NMJ and the area of the NMJs were significantly increased by short days and/or testosterone treatment. The two factors exerted an additive, rather than an interactive, effect on these measures. Another striated muscle, the extensor digitorum longus, which is present in both sexes and plays no specialized role in reproduction, displayed neither an effect of androgen nor of photoperiod on fibre size or NMJ structure. These results suggest that, in addition to androgenic effects on SNB plasticity, there is also an androgenindependent effect of photoperiod on the SNB neuromuscular system. Similar to many temperate zone rodent species, the Siberian hamster (Phodopus sungorus) uses seasonal changes in the length of daylight as an environmental cue to restrict breeding to the spring and summer months and enforce reproductive quiescence during the winter (1). Changes in melatonin secretion from the pineal gland in response to changes in the length of the daily photoperiod mediate this naturally occurring seasonal variation in behaviour and physiology (2-5). Melatonin is released during the dark, so in the Autumn as the days get shorter, the nightly duration of melatonin secretion increases. Longer durations of melatonin exposure initiate the phenotypic changes associated with the transition to the winter, nonbreeding condition (6). These include a gradual lightening of the pelage colour (7), decreased body weight, and gonadal regression. In males, gonadal regression includes decreases in both the size and weight of the testes and is mediated by decreases in gonadotropin secretion (luteinizing hormone and follicle stimulating hormone), which results in decreased androgen production (8-11). Gonadal regression also includes cessation of spermatogenesis. In addition to the physiological changes, short-day, winter-like conditions also result in behavioural changes, such as a decrease in copulation, as shown in Syrian hamsters (12).
Similar to many temperate zone rodent species, the Siberian hamster (Phodopus sungorus) uses seasonal changes in the length of daylight as an environmental cue to restrict breeding to the spring and summer months and enforce reproductive quiescence during the winter (1) . Changes in melatonin secretion from the pineal gland in response to changes in the length of the daily photoperiod mediate this naturally occurring seasonal variation in behaviour and physiology (2) (3) (4) (5) . Melatonin is released during the dark, so in the Autumn as the days get shorter, the nightly duration of melatonin secretion increases. Longer durations of melatonin exposure initiate the phenotypic changes associated with the transition to the winter, nonbreeding condition (6) . These include a gradual lightening of the pelage colour (7), decreased body weight, and gonadal regression. In males, gonadal regression includes decreases in both the size and weight of the testes and is mediated by decreases in gonadotropin secretion (luteinizing hormone and follicle stimulating hormone), which results in decreased androgen production (8) (9) (10) (11) . Gonadal regression also includes cessation of spermatogenesis. In addition to the physiological changes, short-day, winter-like conditions also result in behavioural changes, such as a decrease in copulation, as shown in Syrian hamsters (12) .
The motoneurones of the spinal nucleus of the bulbocavernosus (SNB) and their perineal target muscles, the levator ani (LA) and the bulbocavernosus (BC) comprise a neuromuscular system active during copulation (13, 14) . In rats and mice, this system is highly sensitive to steroid hormones. A difference in plasma androgen concentrations between male and female rats during development results in a sexual dimorphism: in males, the BC/LA muscle complex is much larger and there are more and larger SNB motoneurones than in females (15) . This sensitivity to androgens persists into adulthood; castration of adult males results in shrinking of the BC and LA muscles (16) and SNB motoneurones (17) , whereas androgen replacement reverses these changes. Similarly, the dendritic trees of SNB motoneurones retract after castration of adult rats, and androgen treatment can reverse this effect (18) .
The neuromuscular junctions (NMJs) of the SNB system are also sensitive to androgens. When castration and androgen replacement were used to manipulate the size of adult BC muscle fibres in male mice, the NMJs shrank and expanded along with fibre size (19) . In this case, the change in the size of the NMJs was a result of each nerve terminal and its underlying postsynaptic receptor region becoming smaller and re-enlarging in concert with fibre size, with no change in the number or pattern of terminal branches. However, manipulating androgens during development permanently alters the pattern of innervation of LA muscle fibres in rats (20, 21) .
In Siberian hamsters, the BC/LA muscle fibres and NMJs are plastic in response to changes in photoperiod (22, 23) . The BC/LA muscle fibres shrink in adult males transferred from long days to short days. Short-day photoperiods also reduce the area of each NMJ and the number of synaptic zones at each NMJ (23) .
It is not known if the seasonal plasticity of the SNB system in Siberian hamsters is mediated solely by the photoperiodinduced changes in androgen production, or if photoperiod per se has an effect independently of androgens. We describe the results of experiments indicating that photoperiod can affect some, but not all, parameters of the SNB system independently of androgens.
Methods
Thirty-two male Siberian hamsters were gestated and raised under long-day (LD) photoperiods (15 : 9 h light/dark; 15L/9D; lights on 02.00 h). At 3-4 months of age, all hamsters were castrated and randomly assigned to one of four groups. Half of the hamsters were implanted subcutaneously with Silastic capsules (4 mm in length; 1.47 mm inner diameter, 1.95 mm outer diameter) containing testosterone (T) and the other half were implanted with similarly sized blank (B) capsules. Of the 16 hamsters with T capsules, eight were immediately moved into short-day (SD) photoperiods (8L/16D; lights on at 10.00 h), and are henceforth referred to as short-day testosterone (SDT) males, while eight were maintained under long photoperiod (LDT males). Of the 16 males with blank capsules, eight were moved to short-day photoperiods (SDB) while the remaining eight were maintained under the long-day photoperiod (LDB). All males were housed either singly or with male siblings. In each condition, hamsters were housed at 22 uC with continuous access to food and water.
After 15 weeks, all hamsters from both long and short photoperiods were weighed and their BC muscles were injected with 5 ml of 0.02% cholera toxin conjugated to horseradish peroxidase (CT-HRP; List Laboratories, Campbell, CA, USA) under i.p. ketamine cocktail anaesthesia. Two days later, hamsters were administered a lethal i.p. injection of sodium pentobarbital and perfused with phosphate buffered saline (PBS) (pH 7.2) followed by 1% paraformaldehyde and 2.5% gluteraldehyde in 0.1 M phosphate buffer.
The BC/LA muscle complex, the extensor digitorum longus muscles (EDL) and the seminal vesicles were harvested, coded and rinsed for 2 h in PBS, before being postfixed in buffered formalin-saline overnight at 4 uC. Seminal vesicles, the EDL and BC/LA muscle complex were trimmed of fat and weighed by an observer blind to experimental condition.
The lumbar spinal cords were postfixed for 2 h at 4 uC, then transferred to a phosphate sucrose solution overnight. Coronal tissue sections of 25 mm were obtained using a freezing microtome. HRP was visualized according to the protocol described by Mesulam (24) . Briefly, the tissue was incubated in a 0.005% tetramethyl benzidine/0.05% sodium nitroferricyanide/0.2 M acetate buffer (pH 3.3) solution for 20 min at 4 uC before addition of the hydrogen peroxidase (0.03% final concentration). The tissue was then incubated for 20 min before rinsing. Sections were mounted and dried overnight on slides before coverslipping. From each hamster, the somata of at least 12 SNB motoneurones, identified by HRP reaction product, were selected from the entire rostral-caudal extent and traced through a camera lucida (magnification nominally r630). Drawings of SNB motoneuronal somata were digitized using a flatbed scanner and cross-sectional area was estimated using NIH Image software (http://rsb.info.nih.gov/nih-image/ ).
The motor axons and nerve terminals of the BC/LA and EDL muscles were stained using immunocytochemistry. Muscles were transferred to a 10% sucrose solution overnight at 4 uC. Then the BC and LA muscles were separated. The LA and EDL muscles were sectioned at 100 mm on a freezing microtome. Free floating muscle sections were blocked in PBS containing 0.3% Triton X-100 (PBS-TX) and 10% normal horse serum for 2 h to overnight and then incubated in mouse monoclonal antibodies to synaptophysin (Sigma, St Louis, MO, USA) and neurofilament (2H3, 165 kDa; Developmental Studies Hybridoma Bank, Iowa City, IA, USA) to label axons and their nerve terminals, as detailed previously (23) . NMJs were visualized using standard ABC reagents ( Vector Laboratories, Burlingame, CA, USA) and nickel-enhanced diaminobenzidine as the substrate for the HRP. Stained muscle sections were rinsed with PBS, mounted and dried overnight on slides before coverslipping.
An observer blind to experimental condition measured NMJs from the LA and EDL muscles. The area of each NMJ was determined by drawing an ellipse around the outer limits of the nerve terminal, using NIH Image software on a captured image. Eight NMJs were measured per muscle to produce an average value of NMJ area for LA and EDL junctions for each hamster. Using the statistical software program Statview (SAS Institute Inc., Cary, NC, USA), separate two-way ANOVAs were performed for each measure (androgen treatment and photoperiod as independent factors) where n=the number of hamsters in each group.
NMJs in the LA were further assessed by an observer blind to experimental condition. Twenty NMJs from each LA muscle were examined. The number of synaptophysin-immunopositive synaptic zones per NMJ, the number of preterminal branches at each junction and the number of axonal inputs comprising each NMJ were measured. Innervation by more than one axonal input is referred to as 'multiple innervation' and presumably reflects innervation by more than one motoneurone (25) . We considered an NMJ to be multiply innervated if each distinct axon innervating the NMJ could be traced back to the point where it defassiculated from the nerve, or a distance equivalent to at least two muscle fibre widths (approximately 50 mm) without joining another axonal branch innervating the same muscle fibre. In some cases, two axons became obscured before we could determine if they had joined or remained distinct. In these instances, the NMJ was considered singly innervated for the purpose of this study. Counts of each of the three NMJ measures from each hamster were analysed using Statview. Separate two-way ANOVAs and Fisher's post-hoc tests were performed for each measure, where n=the number of hamsters per group.
Results
As expected, androgen status significantly affected body, seminal vesicle, and BC/LA muscle weights. Although body weights were highest in the LDT hamsters (53.6t1.8 g compared to 42.8t2.2 g for LDB, 49.6t1.9 g for SDT and 42.4t3.5 g for SDB hamsters), only testosterone significantly affected body weight (P<0.002). There was no interaction between photoperiod and androgen status on body weight (P>0.05). Both the weights of the seminal vesicles and the SNB neuromuscular plasticity in the Siberian hamster 369 BC/LA muscles also responded to testosterone treatment (P<0.0001), but not photoperiod (P>0.05) (Fig. 1) . There was no interaction between photoperiod and androgen status on these measures (Fig. 1) . Moreover, the cross-sectional areas of SNB somata were also significantly affected by testosterone (P<0.01) (Fig. 2) but not by photoperiod (P>0.05), with no significant interaction between these two factors.
In contrast, the LA NMJs displayed a different pattern. In addition to a significant effect of testosterone treatment on the area and number of synaptic zones of LA NMJs (P<0.0001), there was a significant main effect of photoperiod on these two measures (P<0.0005) (Figs 3 and 4) . There was no interaction between androgen status and photoperiod (P>0.05) on these measures. NMJs of the LA muscle from the SDT hamsters were conspicuously larger than the NMJs in any other condition. They were characterized by more synaptic zones, extensive preterminal branching and were more likely to be formed by multiple axons (Fig. 4A) . The NMJs of the LDT hamsters also displayed preterminal branching and multiple innervation, but these effects were not as evident or as extensive as in the SDT hamsters. Similarly, the NMJs of the SDB hamsters were larger than their LDB counterparts and contained more synaptic zones. The LDB NMJs were extremely small and showed little or no multiple innervation or preterminal branching (Fig. 4D) .
Counts of the number of separate axons and preterminal branches to each NMJ were each influenced by androgen status (P<0.006) but not photoperiod (P>0.05). There was no significant interaction of these two factors on either measure (Fig. 5) . SDT 388.2t25.3 mm 2 ). Nor was there an interaction between photoperiod and androgen status on these EDL measures. These results in hamsters conform to reports that the EDL is not androgen sensitive in rats (20, 26, 27) .
Discussion
As expected, we found that androgen status affected the overall body weight and weights of seminal vesicles and the BC/LA muscle complex, but it did not affect EDL muscle weight. There was no effect of photoperiod on any of these measures in castrate males, suggesting that previously reported seasonal changes in body weight, seminal vesicle and BC/LA muscle weights in gonadally intact hamsters (23) are mediated solely through seasonal variations in androgen production. However, it is possible that androgen's effects on these measures might obscure a separate, independent effect of photoperiod. As expected, there was no effect of either androgen or photoperiod on the morphology of NMJs of EDL muscles.
In the LA, the number of axons and preterminal branches forming each NMJ showed only an effect of androgen status. However, we did find effects of photoperiod on some aspects of LA NMJ morphology that were independent of androgen status. In winter-like, short-day photoperiods, the area of the NMJs and number of synaptic zones per LA NMJ were increased compared to NMJs of hamsters housed in long days. Because short days normally induce shrinkage of these NMJ measures in gonadally intact hamsters (23) , the present results suggest that NMJs normally respond to two conflicting influences: short days that cause the NMJs to enlarge, while the loss of androgen causes them to shrink. Apparently, the effect of androgen predominates (Fig. 3) , causing a net reduction in the size and number of synaptic zones of LA NMJs in gonadally intact males transferred to short days.
We do not know the mechanism by which photoperiod influences the morphology of LA NMJs. One possibility is through the actions of the hormone melatonin. Melatonin could act upon the brain to indirectly affect neural afferents to the SNB (28). Moreover, it is possible that the effects of photoperiod on LA NMJs may have been induced by a direct action of melatonin on the SNB motoneurones and/or their target muscles. However, there is no information to date about whether SNB motoneurones or the BC/LA muscles possess melatonin receptors. Alternatively, short photoperiods, acting through longer durations of melatonin secretion, could have induced increased secretion of a second factor, which in turn affects growth of the LA NMJs. For example, in the sternomastoid muscle of neonatal mice, a hyperinnervation of NMJs is maintained by an overexpression in muscle of glia-derived neurotrophic factor (29) . Although, as far as we are aware, the rat SNB neuromuscular system has not been shown to be directly sensitive to melatonin, it has been shown to be sensitive to other factors such as ciliary neurotrophic factor (CNTF) (30), a protein that alters the number of inputs and morphology of rat LA NMJs (31) . Experiments suggest that the SNB system in mice is also responsive to CNTF or related ligands for the CNTF receptor (32) . Finally, photoperiod may affect the SNB system through other hormones, such as prolactin, or by changes in melatonin receptors either in the nervous system or in the periphery.
The results reported here that short photoperiods induce the LA NMJs to expand appear counterintuitive given that, during the winter, the LA muscle normally shrinks and reproduction ceases. However, it is possible that the effects we saw are the result of a protective mechanism that steps in NMJs from testosterone treated hamsters had more synaptic zones and were larger than those from blank treated controls (P<0.0001). NMJs from hamsters in short photoperiods were larger than those from hamsters in long photoperiods (P<0.0005). There was no significant interaction between photoperiod and androgen status (P>0.05).
to maintain LA NMJs during the winter in the face of reduced androgen exposure. Given that the LA muscles atrophy significantly in the winter, it is possible that without some kind of protective mechanism in place the motoneurones that innervate the LA muscles might be induced to retract their motor endings. In order to prevent this, short photoperiods may activate a mechanism to maintain LA NMJs during the winter. Finally, although the effects of photoperiod were only significant on some aspects of LA NMJ morphology, it is possible that additional effects of photoperiod exist that failed to reach statistical significance. For example, although we did not see significant effects of photoperiod on the extent of preterminal branching and multiple innervation in LA muscle, it is possible that we were simply unable to detect those effects. The means of both preterminal branching and multiple innervation were higher in short days for both androgen-treated hamsters and those with blank capsules. Furthermore, we cannot rule out the possibility that the SD males may have become partially refractory to the winter-like photoperiod (33) . Because photoperiod affected some SNB measures, the SD hamsters could not have been entirely refractory to photoperiod. However, if they were partially refractory to SD, then the effects of androgen might mask the waning effects of photoperiod for some measures.
It was not surprising that we found no effect of androgens on hamster EDL muscles or their NMJs, as the EDL has been shown to be insensitive to androgens in rats. The EDL muscles and their NMJs also showed no effect of photoperiod. Taken together, the fact that the LA NMJs showed an effect of photoperiod while the EDL NMJs did not, suggests that only specific motoneurones and/or their target muscles are sensitive to photoperiod. This finding indicates that the effects of photoperiod are likely mediated through a specific receptor or receptor subtype that affects only some neuromuscular systems but not others. Further experiments are needed to elucidate the exact nature of the photoperiodinduced signal that mediates the effects we observed in the hamster SNB system. NMJs from testosterone treated hamster were more likely to be multiply innervated (P<0.006) than those from blank treated controls. Right: NMJs from testosterone treated hamsters were more likely to have extensive preterminal branching than those from blank-treated hamsters (P<0.0001). There were no interactions between photoperiod and androgen status on either multiple innervation or preterminal branching (P>0.05).
